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AB 1STR ACT

Fh is study develops correct i on factors f or current uisedi stress

itensi Lv factor equlat ions to more accurately pred ict st ress i ntens i v

acctors for a corner-c rack emanat ing from ii hole as it transit ions to0

'ii )rm rog-Lthe-t fti c Kness (rc k . These correct ion factors

rosu It cl an inc rease in accuracY for total li fe predict ion and much i

bet ter correlation between analytical stress intensity factor

pred ic tions and experimental results in the transition re.gion for

F "- 5 1 aind( 7 ()7 5-10 5 1 a ILu M i i m al J1o ys. An experimental program was

inder taken to .1enerat e al I L204-T35 1 alIuminum test data used i n th is

* nves gat ion. The 70)75-T651 aluminum test data vwas generated during

ea rl icr work. Correction factors developed by Opel for 7075-T651

a iiumi num were evaluated for 20124-T351 al1umi num and found to be

excess ivel y conservat ivo.

[attranf-t a.nd Sihi suggested the stress i ntensirtv f ac tors be

(oval nated ait ;in imaginary surfaice at an mule I( away from the front

i1tid hole-hloro, surfaces. These stress in tens it~y fact ors c oh d then be

Usod in the, li fe prod i ction mod els for life from a :o r ncr-c ra( k on t il

* sIck Su~rface penetration. Flvaluat ing stress intensity factors at_

IW-11 (dlS0 i imi te su~rfaIce hounuary effects caused byv fabricat ion

) proc)(ess I i k olId rol 1u anhi i i h olIe dIr ill i n s , h eb imp1)ro()v in i be

( pr(I i t is, t o bac 1k snritce po n e rat ion s i unii f icIn t lv . I t i s shown

I t h.1 1 ti h I() :In no ot-ier correct ions are( necessary for I i I e

6X
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iion to ack stir t cec penetLrar i n.f

At r-ariisj t i on regi on i s ot te t , toc fo0rt I It L p red i t ion t rom

hick saur t ace perret rvat otn unt i I ti naI ictare. Correlat. i ons .%ere made

hietr-. eon 'XIer irnelnt restal L!- 1,)r 2()2,-fl'5I aind 7()75-T671 Il arInimi nr t mLes t-

Iiti in I d l i i; iiitt I it eiri/.at ion ()t t fie Bowi, -;()Iut ion for a0

I :o-nn'- h i( r Uess ( k 1. hese a rr(- kit ikns, were plotted Irai

t).( ur ;iw rat ion ant i I f inal If*rac t ure. Yhe plot v iecld s thle

E-I~ 'Td w Te rnsit ion region aind the required correct ion faictors. Eh Ie

r, i ru )n iio deI i n co(rpo ra t ing L he se t ran s it io()n Cur ,c t in

ia Ti:u~ to be t he mos t acaUra te a nd ker sa t iIe of al id oe!I s

r ncut i ct i oris we re made uasi tig thfe new, model I an i ns t anit aneo us

h i ssatries a through-crack ait hack Surface Penetration),A

(Ipt' I '5mt- Pc riissat 's model andA the fCollipr iest-Ebhret model.

*-
4
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1.0 INTRODUCTION I
I . lot ivation "

Cracks in aerospace structural components continue to cause

problems rangin4 from premature retirement of parts to catastrophic

lai lures. These problet.s result in the loss Ot oil I ions Ofl 1o llars

annual v to the aerospace industry and have caused loss of I ife in

certain cases. A g,,ood deal of progress has been made over the past

severaI years to eliminate the conditions leading to crack initiation

and growth. lloever, flaws due to material defects, manufacturing

nethods, in(! in-service conditions will always be present. Therefore,

in o)rder to c:orrectlv predict component fatique life, a life-

prediction meth(d :hich assumes the presence of flaws at the onset of

the c)mponent operational usage is required.

In to71, the United States Air Force (USAF) sponsored an in-depth

rev (n. o aerospace structuraL fail tures (Gran et al. I]). This review

.;tho..e that the predominate failure mechanism was cracks emanati, ...

from Listener holes. In fact, over one-third of all failures studied

.,ere due to cracks emanating from fastener h; A?\ a result ot this

review the PSAl recently adopted a damage-tolerant design philosophy

to owssro that ca<tastrophic failures are not caused by cracks

ormin;i I i g f ro.m fast ener ho I es . This philosophy was introduced by \;Lood

aind im, l12 arnd is based on Linear Blastic Fracture

;lechan i (s (11:1:).

4,
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'his fracture mechanics analysis of cracks at fastener holes

requires knowledge of the stress intensitv factor, K\, for all crack

-eometries of interest. >ince the crack length within the bore of the

hole cannot be accurately measured, a combination of analytical crack

solutions must be used. Exact analytical expressions for stress

intensity factors have been derived for cases involving very small

flaws in infinite (very large) elastic bodies (e.g., h'illiams [3],

[41). These solutions have to be modified for finite problems by the

inclusion of correction factors. These correction factors are

generaliv derived using experimental data and backtracking techniques,

finite element approximations, or any of various other approximate

":ethods (see e.g. see references [51-[11], which are used in this

work). The stress intensity factors are functions of the test-

:pecimen geometry, loading, and crack geometry. Manv works published

,ver the past several years have dealt with estimating and/or

, 1 ulit irc, stress intensity factors, and the most significant of

these corks are discussed in the next section. .

1.2 1ackground

4 1.2.1. Previous l ork on Stress Intensity Factors for Corner-

Cracks Emanating from a Hole. in 1956, Bowie [12] made the first

major contribution to the problem of cracks emanating from holes,

specificaIllv, cracks emanating from open holes in plates. Using

complex variable methods, Bowie solved the two dimensional problem of1

62
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sinI e 111i double throuhzh-( racks at ain open hole. Bowie's w.,ork is

,I11i i cant i n that aIt hough it is not an exact SOl Iut i On ,it i

iniversal lv used as a basis for comparison with other studies of

It( ks emurnating, from holes. More importantly, Bowie's solution is

ilnwidely usedl to establish the accuracy of other methods which

,ttQeilIt to soIlve more compi icated crack problems.

iow ie' s so Lut io.i was improved upon in 1972 1w Liu [13. He

st idi] it'd t he2 qu1arter-el i pt icalI c rack at a ho le in a plate and

i :.oosed ai number of solutions for Iiis aipproximation. lie used the

it e t a11. Si i1t ion1 [ 1-4] to account for thle hole surface and thle

I ~ ~ )nt su r t ce ot the spec imen and Kobayashi ' s solution [ 151 as a

rr(,(t iati ir thte halck surface. These approximations were

OUpe r~ri on Bowie 's [121 two dimensional approximation of the

*thrc'(-id:::ensiona1 hole effect. This did not, however, result in a

.;olution and on-1y gave stress intensity estimates at a point on the

peripherv of the crack, midway between the front of the specimen and

0 the surface of the hole.

A unique approach to thle solution of the single througyh-crack

problem was p~resentedI by Tweed and Rooke in 1973 [ 161 . They derived

* stLress-intensity factor relations using a >ielin integral transform

w hn iq ile. Thi is met hod prov ided a substantial imp rovemenlt over the

Bo%, ie Soli LIonI, e-SpeciallIy for small c rack l engths.



(;randt( Mt) used] the priunc iple of superposi t ion to dlevelopi i

stress i ntensi tv factor soLution for large pjilteS onotiini ug' radiol I

holes wi i th rough-the-thickness cracks loaded w i t h arb ht ra rv c rac k-A

face pressure. Grandt 's method is based on work bv Rice ( 71 , ,sio

showed that once the displacement field and stress intensity lictor

are known for one geometry and load lug, K1I the stress i ntens itY vtict ()r

[or mode f deformat ion may be obta ined for any ot her symmet ri c toadi,

aplied to the same crack geometry. Grandt [I101 used i remote,

uni form tensile stress as the known loadin-, crack-ti p st rt-ses

obtained by Bowi e [ 121 , and stress intensitv factor resuilt.- hv Paris

~indI Sih [ I i] to develop his soluition tor throuch-t'-i-t hijokuess ( ric(ks

ait holes. (;randt dIevelopedI sol ut ions for n [umber ofl difttereut

taLstener conifigurat ions.

In [9D78, KullIgren et at . [10i1 extendIed indI ref med the numerina I

*sol ut ion introdlucedl by Browniniz ind Smith 12()] that wais bhweol )ti .

mod i t icat ion of the S(hwr _-jumn I It ernait I i--,-A(t hiik 1 , fr),

s t res- irteris itv v t tors f or s seMi- I r( LIi 1Ar o ri, 1( it 1

Kui I Igren 's techn Iioue, laibelIed t he f1 t Iit eloit 11Ift Ilrit I !1, ""

is )iso n finite element ipproximit io)ns, olI2w ts

* imirt er-el I I pt i caI c ri( ks emanat incii t rom opwti iuls ii pii?

KuI Imllgn itil SinubI i ' txtentled I th I Met hioml ti 1iii !1'-' ~ <I

nd J(ib I f, pi-ir r r-e I I jopt I(i I rio !Ks- orrim tiitir I o i - I-t (ii o M

* I ii~ ..oo it.I 05 lo- ioi; ri? ii hit tw ie I i 11 loP it It I<Li '! t

vo-.t I. It 1w h Ith tl pfId 1).m 11 '1 1i Th Ii tro(IIut



_eomet r- ies, I )ad i n,~ conld it ions and crack or ientations. [he on Iv

d raO. ack ()I t his met hod seems to be the difficult v invlvedI C in

7'di t the computer codes.

A\ rather ;i,_,nificant contribution to the area of three-

I iinenis juial c racks sub jec ted to un iform tens ion was madte by Newm.ani and

Ra i [) ini 10)8l1 They studied several crack conf i',,trat ions and

o)n>idered several parameters Such as crack depth, cra(ck lei.th,

pci men thickness and hole radius. Thev considered sol ut inIS dule to)

1o an 221 for stress concent rat ion at a hole and [ada et A I. 12"

o r c rack eccentric it\' corrections as a basis for their finite .,lidt

o~rrec t ion factors. Newman and Raju also evalIuatedl Shah's ne

f-tctors that were applied to approximate double-craick so!) lit us isi

I ~Iecrack results. These fatrs, which were decrived h i

(coon 's t:inct ion to find stress intens itv fac tors at a hole,

undiker ui i x a tension, were found to be in q~ood aree

tilts ()I u It~ and Smith (I2t].

4 >01 ~~i ins for analyvt ical stress i ntensi tv !-tts'i '

rn Ks it ,hole duc to ',ewman and Raju 19]1 1 Shah I

o:(re evailuaited by lfeckel and Rudld [25] isin-, i rr lat in>v

experimentall s;t ross inutensi ty factors obtained isi n,- tiii I -i -

Anderson ha( kt rack ini- techn ique 1261. They torun! thit 'oN(-01,!i1

Ra ju ':- sol tit ion provi led excelI lent anal yr i i I'oxilwr- uif.:

o or rej1i1t ions ) t tIieto sr ess iinit (oiit vI i t Ir, 1ca: t i iI t,

r;ii I, shaipe hian,,os. shiiso51 tt ion prouce osN: oI I tnlt t1 I>
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intensitv tactor correlat ions and flfe predictions. I'hev also

de(~turni nedf t hat. hot h otLi u' s one-d i mens ioria I and I wo-dl i mens 1 ona I

-(1iut ions vielded unconservative stress intensitv factors and (rack

4 rm(t h rates.

In 1983, Schi jve [27] used data collected by Raju and

etma _8, 291 for semi- and quarter-elliptical corner cracks at

h(Ies to devel op interpolation techniques for cracks with other

.1 flensions. !Ie noted that real cracks will not always have elliptical

-iilpes, (Ut is I rst ipproximation the semi- and q uarter-elliptical

r I. t I i s.ll in i s ,1 val id one. However, Schi [ye noted that in

.- , wiel , rit ijs, a/,, a/t, R/t (where a is crack depth,

, .. [,( , . j- imen thickness and R is hole radius) will

ts,,f ! I Ra ju ani nfewman. Schi jye remedied this by

S : ,,~*,,lit ,m methods judiciously chosen for given crack

* . V,,l ] t s,, ere compared to the Raju-'ewman solutions

K I it h i-n 2 ."

r. (. ,nI ,ti i ,rner Crack it i Hole to a Flirotlgh-the-

a r a hhif. ha I rl 1,t ion r (, ion starts when the corner crack

S'I ! 'i ] ,htn the ( ra( k becomes A in i form throusgh-

* hi fininit~ 1w b ouindaries of this reuiion is .1

, t nd rk . d i' It he l .iSclissed inT det ail in

i r , -n Iv, rm ed u r es o(r (I ,i I i n w i t h th I s

r ,t ', , ., ih I IIi i .,w -I l I ,pproXilllt i1 0 5 and

0 6

I7 .
• % .° . * . .



correct Ion factor-s to compllensaite t or- t ralsi t ion ef fects to totaly

i-,norngthe transition reg'ion.FeAeiinSctvfr'si- d

l1iter ii s ( \ST'i ) is t rv ing torie srthrincons ist en t approaich

bv sponsor ing "'round1-ro)bin'' cornpet i tions for p redli ct ing thle l ifte of

spec imens to determine the aIccuracy of Cur rent procedures. Fliese

rouind-robi n competitions have a id(eld reatlI in the rzipill ivances in

the development of transition regyion criteria. AST 'N publi shed some or

these results dealing strictly wi th part-t brougil c:ac k fat i que life

pr-edictions in 1979, (see Chang [301).

Peterson andl Vroman [31 1 developed a computational10 scheme to

let rni ne stress intensitv factors for ital part-t hroug',h crack~

detec.ts. Instead of using' the number of loading cycles as thle

ind~ependIent variable, as in most current solutions, their ciomputer

cole lises very small increments of crack size to calculate the nUMber-

of1 100(1ing cycles required for each increment of crack growth. The

(,)le uses equat ions developed by Forman ['32 1 to cii cli te stress

I t eis i tv fa ctors at the Surface and alIons- the cricl( f ront. K, I lie

st nr5 ntens it y fac tor , Is dlet ermined as a I nurCt i on ofI cr;I( k '(leptil to

i iell t I i ckness ra t ino, c rick aspec t ra ti o, c:ric k diepth, , -[Ill cric k

P 10i Ift-lIeng-th1i. Crnc k ,,r-owtli) rates were calIc ulIated by s11)5 bst 111t 12w- t he

t- le- illt tells i t v failt oors i it Lo ai Par i s-t 'pe (O LMit I on 3. hen

Pet er-son and Vrorilan f-i rst llresenteli t ic i r approac(h il nlP)72 , i t a

o ~1olill t o be aore coniserv;it_ i ye Lhain t Ie( Kollavash i -2Ll)55 -ol lit lol (itI1

Fuirther i nvest i ation ill 1074 uori I ud~ed I !1.! the oivsi-os
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Soluti on was more accurate. However, it was also concluded that the

Peterson-Vroman procedure was attractive due to its ease ot

application. A 1976 modification to the Peterson-Vroman approach

provided a good approximation, and made this method even more

at tract i ve.

The common procedure for dealing with the transition of a corner

crack at a hole to a through-crack is to assume a corner crack until

back-surface penetration and then assume a through crack until

fracture. This procedure is quite conservative. Johnson [34]

compensated for this by suggesting that the crack be considered a

through-the-thickness crack only after the back-surface crack length

is 007 of the front-surface crack length. Johnson based his idea on

an imaginary crack depth found by letting the crack grow in the same

elliptical shape it had when it penetrated the back surface. This

assumption seems to be in good agreement with the trends of

experimental data [5, 61.

[Brussat and Chiu [81 considered the crack in the transition

reg4ion to be a combination of a surface flaw and a through-the-

thickness crack. Their criterion was based on crack depth, length,

'and specimen thickness for a quarter-circular corner flaw at a hole. --

1'russat and Chiu developed transition region correction factors based .

,I engineering judgment rather than on actual mathematical results.

4



Fhe most commonly used procedure for predicting the life of a

specimen considering the transition region of a corner-crack-at-a-hole

is the one discussed by Engle in [11]. This procedure has been

adopted by the USAF as the current damage-tolerant philosophy and

lorms the basis and starting point for this thesis. It uses Newman

ind Raju's corner crack solution until the crack depth is equal to the

plate thickness, and then uses Grandt's [10] linearization of Bowie's

soluition [121 for a through-the-thickness crack near a hole. However,

this apnroach ignores the portion of the transition region extending

trom back-surface penetration to where the crack becones a through-

the-thickness one. The results are therefore conservative.

In 1983, Opel [5] suggested modifications to the method discussed

by Eingle. Opel improved the total life predictions by approximately

[5'. His work also resulted in a better correlation between the

analytical stress intensity factor prediction and the experimental

results by developing transition-region correction factors for corner-

cracks-at-a-hole tests. Opel's work was performed in three phases.

First, correlations were made between experimental results obtained by

Grandt and Snow [35] for Polymethylmethacrylate (P.iA) testing and the

Newman-Raju [9] three-dimensional stress intensity factor equation for

,a single corner crack at a hole. These correlations became

unconservative when the normalized crack depth (a/t) reached a value

, of 0.75, and this was defined as the beginning of the transition

reion. ext, correlations were made between experimental results

(II
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I A
Obtained by Heckel and Rudd [25, "361 f-or 7075-T651 a1un i num testing

a1nd the Grandt linearization of the Bowie solution for a through crack

emanating, from a hole. These correlations were found to be

unconservative until the normalized crack depth (c/R) reached a value

,of 2.5; beyond that point the correlations became conservative. This

point was defined as the end of the transition region. Finally,

stress intensity factors for the transition region were developed.

Along the bore of the hole, a second-order polynomial regression

curve-fit was used for the normalized crack depths (a/t) fuund in the

transition region. The resulting correction factor ias multiplied by

the stress intensity factors found using the Newman-Raju solution. A

first order polynomial regression curve-fit was found to give accurate

correction factors for the Newman-Raju stress intensity factors along

the front surface. A second-order polynomial regression curve-fit was

used to find the transition correction factors for the Grandt

linearization of the Bowie solution along the back surface until final

fracture. Opel proceeded to make life predictions using his new

model, the model referenced by Engle [11], and the Brussat model [4].

Opel's model proved to be the most accurate.

1.3 Scope

An experimental program was undertaken to investigate the crack-

rowth behavior in rorner-crack-at-a-hole specimens of- ( LI " -

a umii num alloy. Of particular interest was an assessment of the

effectiveness of ,i procedure introduced by Opel [51 for predicting

10



vraclk orowth rates in si-ilar specimens of 7075-T651 aluminum allov to

predict crack growth in other materials. He used experimental data

obtained from Pn.,\ and 7075-T651 specimens to derive correct ion

lictors f- existing solutions which were shown to \ield better

predictions for these materials. Just as in Opel's work, a part-

elliptical corner crack at a hole is considered. The corner crack

('enter is located at the intersection of the hole wall and the front

surface. The crack lies in a plane perpendicular to the axis of

Soading. The finite plate geometry and loading conditions are such

that the plane of the crack is a plane of symmetry for the open hole

problem. The loading is a remote uniaxial constant amplitude loading,

and the initial crack eccentricity, a/c, is greater than one.

The specific objectives of this thesis are to:

1. Evaluate the applicability of Opel's [5] correction factors

to 2024-T351 aluminum, and should they prove to yield

inaccurate predictions, calculate new correction factors for

the stress-intensity-factor models.

2. Evaluate the increase in accuracy sugested by ilartranft and

Sih [371 for life predictions it the stress intensity factors

are calculated at an angle t from the surfaces as indicated

in Fi,4 . i.

. Leterm i ne if transition correction fact ors for the region

t rom corner-crack unt il back surface penetration are needed

i tihe ia rtran ft and Sih suggestion is used as mentioned in

S. ;Iove.

II
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4 . etenine the t ronsi t iion re-,ion Lind ne ,w trainsi t ion corre(t ion

fictors for the level opment of an inpro ved I ite prediction -

i:ode I.

5. Fvaluate the abi lit , of existing stress intensity factor

models to predict the behavior o)f a corner-crack-at-a-hole in

)0 4-T351 aluminum as it transitions into a unitoro through-

the-thickness cra(k (Fig. 1).

a. Assess the accuracy ot the corrected model l)v comparing the

total life predictions obtained using these models to results

of other 1 ife-predict ions.

1 ._4 Approach

Stress intensity factor correlations ,...ere performed for

experimental results obtained at the Air Force Flight Dynamics

l.abratorv for 2024-T'351 and 7075-T651 aluminum, constant-amplitude-

ladinr testing and the (;randt-Bowie [10, 11, 12] stress intensity

01 iut ion f )r ai throuoi-the-thickness cra(k. Opel 's model has not

hr xeh to be i(ie'tiate for a new, more ductile material ( 2024-T351

I tuminun). Examination of Table 1 reveals that a [though the Opel

:,odlel shows a 9% increase in accuracy over instantaneous model for

2()24-T351 aluminum, the total life predictions are still 30',

(nservat lve. Therefore, a more accurate model will be invest iglated.

Ihese correlt ions were plotted from back-surface penetrat ion to

f ini l f r-a( tlre. (r reIat ions were performed for both front and back

:Ii r t;lcas. Fhese plots were used to develop transition correction

12
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Figure La: Crack Configuration Before Transition

* HcA

Figure Ib: Crack Configuration During Transition

I C-

I

I cl=c

Figure 1(-: Crack Configuration After Transition
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tactors for the region from back surface penetration to the end of the

transition region, i.e., to the point where a uniform through-the-

thickness crack develops. The end of the transition region was

identified at the point ;here the back surface crack length is nine-

tenths of the front surface crack length (i.e., c =.c, as in

Johnson[341) (>lore details on the definition of the transit ion reuion

will be given in later sections.) These correlat ions aid transit ion

correction factors are compared to those developed and presented mv

Opel 15] and Opel, Rudd, and flaritos [6).

Finaliv, total life predictions ire -,ide trorF 'j specified
initial crack length to final fracture usin-: si) a transition

criterion developed in this paper, b) an instantaineous transition

criterion presented in Chang [20]

c:) at the transition criteria developed by Opel [5j, d) the criterion

developed by Brussat et al [8], and e) the corrections developed by

Colliipriest and Ehret [7]. The criterion developed in this paper is-.

then evaluated by comparing its predictions to those of Chan,-, Brussat

t iI., Opel and Cotlipriest and Ehret, as well as to the e:perimental

1es, ti. ,,btained in the course of this investigation.

0

14
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2.0 EXPERIMENTAL PROGRAI *"

The entire experimental program was conducted at the Air Force

f right Aeronautical Laboraties, Flight Dynamics Laboratory, W.right-

Patterson Air Force Base, Ohio. Two distinct sets of data were

-enerated for this studv: material-characterization data and corner-

crack-at-a-hole data, both for 2024-T351 aluminum. The material-

(haracterization tests included both crack-growth-rate and fracture-

toughness tests. The James-Anderson backtracking technique was

applied to these data in order to obtain experimental stress intensity

factors. These factors were used in the life predictions for the

corner-crack-at-a-hole tests. The corner-crack-at-a-hole test results

w.ere used to develop a new transition criterion and evaluate the

accuracy of this new criterion by comparing it to the results

reported. The details of all tests conducted and the procedures

tollowed are described in the next sections.

2.1 :laterial-Characterization Tests

'aterial-characterization tests were conducted using center-

cracked tension specimens. (Specimen dimensions are given in Fig. 2)

The crack-growth-rate tests used three sets of duplicate specimens,

with maximum stress rjmax = 10.) ksi and stress ratio R 0.1, ).3,

-0. 5. The ( ra( k lenvgth vs. number )1f c vw I (s (a vs N ) data I or t he

tests ir, shown in Figs. 3 through 3 (based on Ri values).

I'sinv the experimental a vs N data, the maximum stress intensi t

151:;:- "
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iC, tor (K )aus cal cla ted and the data as then t ransl ormed to

crack Muximum growth rate vs. maximum stress intensitv factor (da/d,%

vs. K max) data using a series of computer programs developed hv

Grutasel 1v 38J , which are based on the AST-recommended increriental

D01vnomia -technique. The computer programs also curve-fit the crack-

growth dat,: ,.iti a 'alker equation [391. The (rimselv programs,

called the Crack Rate Analysis and talker Equation Solver using, the

t'Iethod of Least Squares (CRAW LS), provide a major portion of the data

and equat ions ised in this studV and therefore warrant further

t iscuss i(1.

The CRALS programs transform crack-growth test data (a vs ',)

into craick-,rO%,th rates (using the incremental polvnomial technique)

and then ! its those growth rate data with a ,.'aIker equation.

Con version of c rack--orou'th dLata (a vs N ) into crack growth rate data

(da/d, vs N, max) requires di feren tiation of' the crack-growth curve.

Filis lit fereot jit iun s s , per rmffd (5in a method %,hich 1-its a parabola

I Sl l Cu(,5si Vi Sl ft~S~t ft iPvon dfIt' a boint S bv the method of least

Sili;irc'S ( si, e.:-. l lidl r , [ i. ; AUJI. The ,friv;itive of the fitted

iirve i x I on (,if t iiat od 10 r then m i l I~ i i n 11 )I ('1ffII 51 Ibset . Tn i s

Sprof,,<Ii ro, I:i i n ,,I ., i It It h J !t[S,-.Ande rs ),i 1a<t rIci, in- t techn i(Iue

26l r usulIs I n %V;i I u, lo tr ,1) I. fer-jr vi vt i v , )vor the entire ((urve,

( ff, Ii -. ( ) . \t t fr fl a r( (i', I 1,, ru -_ru lb rut :s, tii Iota ,art,

*~~~~~, I ttc'tI It hi, d-.Itf'f 'llt it! t

f it to ',, ith, , i, n d III('

dJ / l'' I C I K )s I:

=6 I
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' o t c, A met hod for Solv i ng the l a I ker equ it i on for C, 1, N has been
( proposed1 by Chang, et al. [41 F Tis methiod uses a least-squares fit

ot thle data for a series of assumed valutes of >1. F-Ialker-equat ion-
plots are generated and chosen based onl which best lits the data.

The results of the material-characterization tests are -iven in

Figs. 7 through 9 for the three values of the R ratio.

Data for the center-cracked-tension specimens, includini) both

positive and negative str-ess ratios, were input into Grimseiv's CRAI:'LS

programs. The positive-stress-ratio data can be representedI by the

f I lowi ng best-f i t al ker eqUat ion:

4 Ll/d""IitI = I,. 116 1 ( x 10- ) K (1-R)< 7I.19

7M 19 (2)

t ce ,h ere: i"ma is in units of Ksi per in and da/dN is inch per

Pie best-fit F .alker equations for the ne[gative stress ratios are:

tld; -4 .3 1 744 x I) (K m .a11 ('3)

Four frac tuLre-toughness tests w..ere also performetd [-or thle 21024-

T")5 1 a luminum. These tests w-ere conducted tor center-c racked tensi on

specimens Ilike those shown in Fig. 2. He fracture toughness was

determi ned by a combination of- fat ique andl static tensilbe test ing.

[he( specimen wais sub jec ted to c-vc I loading at cord intig to Sl>

stilaristint ii throug.,h-cracks of' appr)x imatelv .(*)()) inches w.ere

i nit iat ed o)n both ends of thle center not~ch. Then thle spec imen was

st i itill boileti by i itiearlv increasing loaid tint ii fatilire

L
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()CH ir red. TMe 1%,era,,e t rac t tire t oughriess was (let erm i tied its i n,, thfe

ro h-here: 0-=stress at, failure
a c racik length

Phe iverag e rac tnre toughness for these tests was f ound to b e

k,) si x ATi (48.68 >lMa x i-)

stLandaird tensile tests uIsing a "doghbone" type spec imen ,,ere

* perftormed for 20124-T'351 aluminum to determine i eld strength. The

4 specimen _,eometrv is shown in Fi(_uLre O. The avera-e vield strength

for tile two tests perFormned using 1/2-inch thick 2(924-1-351 iluminum

specirmens was 63 ksi (913.59 >lVa).

2 .2 Corner-Crack-at-a-Hiole Tests

F,..e 1 e corner-crtic! -at-a-tio I tests were perftormed using, 2024-

0 1 1 aI u F nm. i 0v spc imen .The typical spec imen geomet rv is sho.-n

in F it~11. [The spec i:mens were prec rat ked ait thle samIre c onst ant

,rip I I t Ude st ress level s used i n the c rack ,r owt h tests

* ICisx k. ltki ',A\. ter [trecrit king,, the maximum stress levels usetd

ttur tetin4 were IN ks"i andi t1 ks;i .Lie posit ive stress rat ios (P,

t~l ad tJ~) mlone it Ik I -- t sr-ess rait ii) were ( unsidrd

:II% iriei' --at ru str s's I(, t ress ralt i 'Ind i it ia! crack s i ' Indl

I (1 Ft 1t i Ilve' t ests art k ivu i n Tahl I . DupI inat e

I)



1. 0 inch 0. 25 inch

2.0 inch

-- 0.75 inch
7.25 inch

0

K S,

Figure I,): "Dogbone" Specimen Geometry Used for Strength
Tests Used to Determine Average Yield Strength
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tests were carried out for each of the six load conditions. The

results were averaged to eliminate any bias that might arise due to

any possible faulty tests.

To evaluate the stress intensity factors along the bore of the j
hole for the 2024-T351 aluminum corner-crack-at-a-hole tests, the

initial crack length along the bore of the hole (a.) must be known.

Unlike materials such as PMIMA, aluminum is not transparent and

currently there is no way to measure a. during the test. Therefore,1

to obtain values for ai for the first 8 specimens, a marker load was

applied after a crack was observed on the front surface. The marker

6 load had the same maximum constant amplitude stress levels as those

used in the tests, but the minimum stress levels were increased to the

stress ratio, R = 0.85. The marker load produced striations on the

fracture surfaces which could then easily be measured with an optical

microscope after the completion of the tests. This measurement

yielded the value of ai for each specimen. During testing oF the last

four specimens, PC-) through PC-12, the "Fax Film" method was

employed. Fax Film is a thin, mylar-type plastic film which becomes

very soft when acetone is rubbed on it. The soft film is forced into

the small initial crack and then removed, a crack impression is left

on the film and with the aid of an optical microscope, the initial

crack length can be measured. This method is very accurate if the

initial crack lenjth is sufficiently suall; it also requires much less

time and effort than the marker band technique.



The corner-crack-at-d-hole tests for 2024-T531 aluminum specimens

were continued until failure occurred. Crack length measurements were

taken throughout the test. Crack length measurements on both the

front and back surfaces were taken at random intervals during the

tests. All measurements were made using two optical microscopes

mounted on the fatique machine, one at the front surface of the

specimen and one at the back surface. Using the crack length

measurements and the number of fatique cycles between each

measurement, the crack growth rates for both the front and back

surfaces were computed using methods which are descrihed in the next

chapter.

I3
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3.0 EXPERIMENTAL STRESS INTENSITY FACTORS

3.1.Stress Intensity Factors for the Front and Back Surfaces

Using the data from the fatique tests experimental stress

intensity factors for the front and back surfaces were obtained using

the James-Anderson backtracking technique [26]. The technique is

shown schematically in Fig. 6 and may be briefly outlined (ref. Opel

[5], p.23) as follows:

I. Crack-growth curves were determined at the back surface (c'

vs N) and the front surface (c vs N) using raw data from the

corner-crack-at-a-hole tests.

2. Using the crack growth curves, crack-growth rates were

determined and expressed as a function of crack lengths (i.e.,

dc'/dN vs c' and dc/dN vs c). Crack growth rates were determined

using the standard seven-point polynomial regression technique

discussed earlier. This curve-fit allows for the calculation of

the crack growth rate at any crack length. Crack length vs.

crack growth rate are plotted for the front surface in Figs. 12

through 17 and for the back surface in Figs. 18 through 23.

3. The stress intensity factors, for positive stress ratios,

associated with 5,iven crack! lengths and correspondino crack

orowth rates uere found usin the Walker equation. The Walker

equation form for the positive stress ratios was found to ne:

32
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.26896 .7 "
Kma = [8.9593 x (01 dc/dN)] I-R) (5)

for the front surface. When dc'/dN is substituted for dc/dN in

Equation (5) the Kmax for the back surface is obtained. The stress

intensity factor equation for the front surface the negative stress

ratio was found to be:

K = [2.31726 10 8(dc/dN)] "3 1 13 7  (6)max

.irinarlv, to obtain K for the back surface dc/dN is replaced formax

dc'/dN in equation (6). Recall that dc/dN and dc'/dN are found using

a polynomial regression curve-fit to each duplicate set of data. In

this case a 5th-order polynomial seemed to optimize the fit.

I

NOTE: Experimental stress intensity factors along the bore of

the hole could not be found because no measurements could
Iq
be made along the bore of the hole. The predicted number

of cycles to back surface breakthrough and an average K
ma x

will be calculated and used in life predictions in a later

section of this work.
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4. 0 ANALYTICAL STRESS INTENSITY FACTORS

Three different analytical stress-intensity-factor solutions were

considered in this thesis. The first solution was the Newman-Raju

three-dimensional finite element solution [9] developed for corner

cracks at a hole. The second solution was the Grandt linearization of

the Bowie equation [10, 111 used for through cracks after back

surface penetration has occurred. Finally, analytical stress

intensity factors were calculated using Opel' s transition-region

correction factors [5] applied to the Newman-Raju solution in the

corner crack region and to the Grandt/ Bowie solution for a through

crack after back surface penetration. After the stress-intensity-

factors were calculated, correlations were made between the

experimental results and the Newman-Raju/ Grandt-Bowie solutions

without transition corrections and by using Opel' s transition region

correction factors. (These results will be used in a later section to

obtain life predictions in order to assess the accuracy of the

analytical stress-intensity-factors.)

4. 1 Newman-Raju Solution for Corner-Cracks-At-A-Hole.

The Newman-Raju solution for stress intensity factors for ,corner

cracks at holes was considered because of its accuracy as outlined by

Heckel and Rudd [36] . This solution was also chosen because it is

currently one ot the most widely used solutions in the aerospace

industry. The equation considered was based on an initial crack

45.
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eccentric ity (a/c: crack depth divided by crack length, see Fi,,.1,

creater than one). The equation is:

K mx= 0 maxV/QT F ch(a/c, a/t, R/t, c/b, ro)F h (7)

- where:

Q =I + 1.464(c/a) 1 6 1 (8)

Fch m ~ /U I1/~ +~ [ 1+, 2 + %j3(a/t1 '] gl 92 g3 f w(9)

T v'c7a (1 + 0.04(c/a)) (10)

1 2 = 0.2(c/a)4  (11)

= -0.1 1(c/a)4  (12).3

=1+[0.1+0.35(c/a)(a/t ) 2 ](1-SinO) 2  (13)

=[1-0.15X + 3.46X - 4.47X' + 3.52X']/[1+0.13X2  (14)

X= H1 + (c/r)cos(0.85(D)]1 (15)

P= [1.13-0.09(c/a)J[ _.11COS(D )2 ][0.8+0.2(a/t . 5 (16)

f = f(c/a )2 sin 2  + COS20J 2 5  (17)

0

f = se c (7R2 b)sec (/-7tTr(2 R+c))/4 b-c + 2 c)) (18)
w

F =[(4/n + ac/2tR)/(4'Tr + auc/tR)]. 5  I9)
sh

0

See reference 9 for details of this solution.

0
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6

4.1.1 Boundary-Laver Effect On Stress Intensity Factors. Hartranft

and Sih [37] suggested that the stress intensity factors in a very

thin "boundary-laver" near the intersection of the crack-front with a

free surface drop off rapidly and tend to zero at the free surface.

This idea suggests a trend opposite to that of Newman and Raju's life

prediction solution [9]. Their solution assumes that the stress

intensity factors tend towards infinity at the surface. Some

reflection on the problem will help to clarify the situation. A large

stress intensity factor would lead to a higher value of da/dN, which

would predict a shorter life. The Newman-Raju solution has been known

to be quite conservative [5, 6, 9] i.e. they seem to over-estimate the

stress intensity factor which leads to a prediction of shorter lives

than those observed experimentally. Newman and Raju investigated

(artranft and Sih's suggestion using finite element techniques and

found that the stress intensity factors tended toward zero at the free

surface, as proposed. This implies, theoretically, that no crack

would grow at the surface of the specimen (i.e., if K approaches
max

zero, da/dN approaches zero, da/dN approaches zero). Newman and Raju

subsequently investigated the effect of the boundary layer by

evaluating stress intensity factors along an imaginary surface at an

rangle b from the free surfaces (see Fig. 1). A graph showing the

trend of the Newman-Raju correction and the result of evaluating the

I stress intensity factors at an angle 0 from the free surface is shown

in Fig. 24. It can easily be seen that at the free surface (i.e.,

47
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Ai

where 2 ~/TT I), there is some inconsistencv. If the angle is

( increased, the solutions become more consistent. (Newman and Raju did

find that beyond a value of ' *.47T, there was no difference between

the two solutions, see Fig. 24).

Recently, an ASTM Task Group was established for the purpose of

improving current methods for calculating stress intensity factors.

The task group has been sponsoring an annual stress intensity factor

4 solution "round-robin". The participants provide stress intensity

factor solutions and these are evaluated by comparing them to other

participant solutions for the purpose of finding better solutions.

* Some participants have used this idea of evaluating the stress

intensity factor along a surface at an angle of 0 ~ is the

parametric angle and is equal to 00 at the front surface and 900 at

the base of the hole), most notably Chung [43], and have met with a

great deoal of success. An appropriate value for the angle ~,based

on results from the round-robin competition, is d) 100.

4 Eval uat ion ot the stress intensity factors alongz a surface at

10'W (see Fig. I for geometry), has lead to improvement in acutrac v

of' li fe prod t ion using the Newman-Rajt- corner-( ra k-at -a-hole

solItit l ol. Life Pred ict ions until back surface pe(netratin (the onrlv

reg ion where ( has an of for t ) improved ani .iveraw (o 4 2() 1 f i r- 21)24-

T3 I at I tUM i on anld '0% tor 70t75-J I' a I umn irn ii ut- t he l*ncorre( ted

INewman-RU, ju solI lilt on ( see TablIes in Aii , ro ;peurt i ye Iv). Te

improvement in I i te prdiict ioni is quitIe sigili i itiant ind t heret ore, the

u1 it-ions Hor 2024-,r33i iarid 7075-TO5l aluminum, stuies in this t hesis,

wil i [I ( n (1 td the angle 1 j.1 H in ii I aIcii t ions.

49)
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4. 2 Grandt' s Linearization of Bowie' s Solution for Through Cracks.

The Grandt linearization of the Bowie equation described by Engle [II]

was considered for through cracks from back surface penetration until

final tracture. The equation considered was:

K = C V'T/c F (c/r)f (20)
max max (11r w

where: F = .6762062 = [.8733015/(.3245442(c/R)]

f is given by equation (18).
w

Details for this solution are given in reference 11.

4.3 Opel's Correction Factors. In the third of the solutions

considered, in his thesis Opel introduced transition region correction

factors for the Newman-Raju and Grandt/Bowie solutions. Opel

separated the transition region into two different regions. The

be-inning of the first transition region was where a/t = 0.75 and

ended where a/t = 1.0 (see Fig. 25 for details). From the initial

crack length to where a/t = 0.75, the Newman-Raju solution was used

without correction factors. From a/t = 0.75 to a/t = 1.0 Opel applied

the correction factor F to the Newman-Raju solution. The new
tr

stress-intensity-factors (K new were found using an equation of the

form:

(K) max = (K),NR x (F tr) (21)
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Kc -- I

a/tO.75

---- c/R=2,5."-

Figure 25a: Opel's Transition Region

a/t=l.O c'/c=l.O,,-0 i_-

Figure 25b: Chansler's Transition Region
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F OpeL's correction factor, was found using the James-Anderson

backtracking technique and a polynomial regression curve fit, and was

determined to be of the form

2
(Ftr b = 1/[.573924 + 1.468068(a/t)-l.275787(a/t)],

Sfor the base of the hole and

(trF /[1.31687 - .362863(a/t)], a,,t

4 for the front surface.

Transition correction factors were also developed for the region

from the back surface penetration (a/t = 1.0) to the end of the

transition region where c/r = 2.5. The correction factor for the back

surface was found to be:

2
(Ftr bs = 1/[.191601 + .724961(c'/R) -.158451(c'/R) 2 ]

Fhe equation used for the stress-intensity-factors on the back surface

transition region was:

(K)I = c/R )  Fw(Ft )

where F ((c' /r) is the Grandt curve [iit [[0] to Bowie's tabular hole
B-G

rrect ion factor [121. 1w is the f nite width correct ion used by

Newman-Raiju [()]. The (;randt linearization of the Bowie solution was

used for stress intensity factors for the re ion from the end ()f the

transition reg ion to final fracture.
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5.0. DEVELOPMENT OF TRANSITION CRITERIA

5.1. The Transition Region

The transition region for corner-crack-at-a-hole problems has

been treated in various .ays in a number of life prediction solutions.

Current procedures dealing with this transition region range from the

development of correction factors to compensate for the region to

4 totally ignoring the transition region by assuming a through-the-

thickness crack at back surface penetration. It is suggested here

that the transition region be dealt with in the following manner.

First, assume there are no transition effects along the base of the

hole. Second, assume the transition region extends from back surface

[penetration (a=t) to a point where the front surface crack length (c)

is app~roximately equal to the back surface crack length (c'), i.e.

-/c= 0.*9. Finally, it will be necessary to develop transition

rpcoion correction factors for this region from a = t to c/c' = 0.9

4 that are based on the crack shape as it propagates through the

transition region. Since the original intent of this work was to

derive material-independent transition region correction factors based

on the work by Opel [5], the approach outlined above represents a

significant departure from the original intent. Therefore, some

* justification is warranted.

5.1.t. Corner Crack until Back Surface Penetration. Physicalty, the

idea that no correct ion fac tors ate needIed in Lbhis region makes sense.

) *),
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As the crack propagates towards back surface penetration, it retains a

quarter-elliptical shape with varying aspect ratio until a = t. (See

Fig. 1.) Therefore, no correction factor should be necessary. This

idea contradicts the work by Opel, but there are good reasons that can

be justified analytically.

Opel developed transition correction factors in this region

primarily to improve on Newman and Raju's conservative life prediction

solution for corner cracks at a hole. The discussion of the boundary

layer effects in the previous section suggested by Hartranft and Sih

[37] and tested by Newman and Raju [9] provide a means by which to

improve the conservative Newman-Raju corner crack solution.

The Newman-Raju solution is a function of the angle , among

other parameters. (See Fig. 1.) Opel's correction factors tor stress

intensity and life predictions are based on (D= 00 and 900,

corresponding to the front surface and the surface along the base of

the hole respectively. Hartranft and Sih suggest that calculation of

0stress intensity factors along an imaginary surface at the interior of

the specimen would lead to possibly more accurate life predictions.

This idea seems to be valid based on finite element solutions made by

r:. Newman and Raju. In fact, life predictions are improved drastically

if is 10 and 80' which correspond to imaginary surfaces near the

front surface and near the surface at the base of the hole

respectively. Tables 5 and 6 show comparisons of solutions for 2024-

T351 and 7075-T651 aluminums respectively. The first solution is the

50
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uncor:cezNwnRzz souinJi2t 0' an 0 n the second is

the uncorrected Newman-Raju solution with 0 ' and 800 . Comparing

these two solutions for Life until back surface penetration (a=t), it

can easily be seen that using q = 10° and 80' improves the Newman-

Bowie model enough to warrant the exclusion of all correction factors

used for life until back surface penetration.

5.1.2. Back Surface Penetration Until Final Fracture. Opel chose to

use transition region correction factors in this region based on front

and back surface crack lengths, normalized by the hole radius (R), -/R

and c'/R respectively. These transition region correction factors

were applied from back surface penetration (a = t) to a point where

c/R, c'/R = 2.5. (See Opel for discussion on development of the end

point for the transition region.) The Opel transition correction

ftctors produced favorable results towards increasing the accuracy of

the Grandt linearization of the Bowie solution for through the

thickness cracks. However, when examined closely, it turns out that

these corrections are highly dependent on specimen thickness. This

dependence can easily be seen by considering an example (see Fig. 26).

The specimens considered by Opel were fabricated from 7075-T651

aluminum with thickness t = .25 inches and a hole radius R = .125

inches. After the crack propagates through the back surface at a =t,

Opel applied the transition correction factors, based on c/l? and c'/R,

to the Grandt-Bowie solution with favorable results. Opel app I ied

correction factors, based on specimens with t = .25, to the region a = t

5()

40"



c /R= 2.5

t 0. 25"

c' /R=2.5

Figure 26a;

c/R=2.5

t=1.O"1

c' /R=0

Figure 26lc

Figure 26 Comparison of End of Opel Transition Region

For Specimens o-f Different Thickness
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(or c'/R = 0' to c'/R = 2.5. At c'/R = 2.5, the crack was

considered a through-the-thickness crack and after that point no

corrections were necessary to modify the Grandt-Bowie solution.

(Note: c'/R = 2.5 corresponds to c' = .3125 inches and at this point

c = .3125 inches as well.) If one were to consider a thicker

- specimen, say t = 1.0 inch, with the same hole radius (R .125"), the

crack would not have reached back surface penetration (a = t) when c/R

- 2.5 (i.e. c' = 0). Therefore, applying surface correction factors

at c/R = 2.5 for the thicker specimen would be invalid. Clearly,

correction factors based on t = .25 and dependent on c/R, c'/R are

only valid for specimens .25" thick and new correction factors must be

developed for different thicknesses. Developing new correction

factors for each thickness would provide favorable results but would

be much too tedious a task, involving experiments and analytical

corrections each time a life prediction is necessary. Therefore, the

development of correction factors that are independent of specimen

thickness is highly desirable.

Rudd [42]suggested that the transition region after back surface

penetration be corrected by transition correction factors based on the

shape of the crack as it propagates from a = t to a complete through-

the-thickness crack. The shape of the crack can be dealt with by

understanding how the front surface crack length (c) and the back

surface crack length (c') vary with each other. When c' = c (or c'/c

-1), the crack lengths on both surfaces are equal and a true through-

61
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the-thickness crack exists (See Fig. 1.) If transition correction

factors are based on c'/c, then the correction factors become

thickness-independent.

5.2. Analytical/Experimental Correlations

Correlations were made of the experimental stress intensity

factor ranges, using a form of the Walker equation, with the

analytical predictions, based on the Grandt-Bowie solution, for 2024-

T351 and 7075-T651 aluminum for the region from back surface

penetration until the final fracture region. Experimental stress

intensity factors were obtained using the James-Anderson backtracking

technique, based on duplicate specimens for each of 6 different load

conditions. The procedure used to obtain the appropriate correlations

is outlined next:

1) Using the James-Anderson backtracking techniques,

experimental data in the form of c vs N (and c' vs N for back

surface) were converted to c vs dc/dN (and c' vs dc'/dN).

Ig

2) Results from t) above for each duplicate set of specimens

were curve-i'itted using an ASTM-recommended polynomial

regression scheme. The data were "best fitted" to 5th-order

equations. This provided dc/dN and dc'/dN equations as

finctions of c and c' for each set of duplicate specimens.
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3) The experimental stress intensity factor (K was calculated

from back surface penetration to final fracture using the

Walker equation.

4) The analytical stress intensity factor (KA) was calculated

from back surface penetration to final fracture using the

Grandt-Bowie solution.

5) Results are plotted in the form of c'/c vs K A/KE (See Figs.

27 to 30.)

The correlations show that at c'/c = 1.0, KA/KE approaches a constant.

Therefore, the end of the transition region is where c'/c = 0.9 and

the crack can be approximated as a through-crack. This result can

favorably be compared to Johnson [34] who defined the end of the

transition region to be c'/c = .9 for life prediction approximations.

5.3. Correction Factor Development

5.3.1. Back Surface Penetration Until Final Fracture. As noted in

the previous section, correlations tend to become constant at K A/KE

when c'/c = 0.9. Fig.31 shows the correlations for the back surface

data. The polynomial regression curve fit for this data was found to

be

(Ftr)b s = [1/.609633-.689614(c'/c)+L.23275(c'/c)2]

and it is plotted in Fig.31. It was found that a quadratic curve fit

63
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I' t I Q'Hi u, rreation for the data. Correlations did not

:U ,e i 2.i Int I v ,hen higher order curve fits were attempted.

<is h (,rrecit on is dpplied to the Grandt-Bowie solution after

1)nak surta:ce penetration until final fracture. This correction, when

applied to the correlation data, essentially brings all the data

points to a constant value of K /K = 1.0. The effect would be to
A E

"speed up" the growth of the crack on the back surface, and "slow

down" the growth of the crack an the front surface. Therefore more

accurate life predictions will result when the correction factors are

used to modify the stress intensity factors on the front and back

surfaces.

5.3.2. Front Surface.

In a similar manner, the fr,:,t surface correction factor based on

the polynomial regression cur-, t it " *

(F r) = [1/1 .241(1)7 - .1 3Y04(c '/c)
tr fs

and it is plotted in i . -. A,4a n, it 'as found that a I ir .r (_curve

fit resulted in a good correlation and did not improVe si i0n it i ntlv

when higher order curve-fits were attempted.

The correction factors for the front and back surkicoes were

substituted into the 6randt-13owie equation a- fol Eucs:

(Kmax) cor = (KGax)(/(F tr bs

max cor max)(;-131 tr

where (K ) is the corrected stress i ri,,nsitv itor, (K - .s
max cor max

the (;raridt-Bowi.e solution aid (]Ftr , (it r i

sU r face correct ion fac tors respect i ye V

K8."
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5.4. Summary of Transition Region.

In summary, the growth of a crack as it grows from a corner-

crack-at-a-hole to final fracture can be separated up into three

phases:

1) Corner crack at a hole until back surface penetration (a =

t); this phase is dealt with by evaluation for stress

intensity factors along "imaginary" surfaces near the top

surface and the surface at the base of the hole to preclude

effects of fabrication (cold-rolling, hole drilling, etc.).

No other corrections are necessary to the Newman-Raju

solution.

2) Back surface penetration (a = t) until through-the-thickness

crack (c'/c = 0.9); this is dealt with by applying front-and-

back-surface correction factors, (F )f and (F t)bs

respectively, to the Grandt-Bowie solution for through-the-

thickness cracks.

3) Through the thickness crack until final fracture; use only

the Grandt-Bowie solution, no corrections.

70
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6.0 Evaluation of Transition Criteria.

6.1 Life Prediction Models Used

An evaluation is made of the accuracy of the transition criteria

developed in this study as well as that of an instantaneous criterion

[11], Opel's criterion [5], a criterion developed by Brussat et al.

[8] and one developed by Collipriest and Ehret [7]. Life predictions

are made using these criteria. These predictions are then compared

with each other, as well as with the corner crack at a hole test

results for 7075-T651 and 2024-T351 aluminum previously described.

Life predictions were made for corner crack at a hole specimens

subject to constant amplitude loading. These life predictions were

based on material characterization data obtained for 2024-T351 and

7075-T651 aluminum. This characterization data was used to derive the

proper form of the Walker equation for each type of aluminum, see

equations 2 through 3 for 2024-T351 aluminum and he following

equations were used for 7075-T51 aluminum (from Opel [5]):

da/dN = 3.2624 x 1 [(I-R)'5K 33908 (23)max .

for positive stress ratios and for negative stress ratios:

da/d', = 1.29 x 10- 8[K ]2.89 (
ma x

Using the Walker equations, the crack growth rate was calculated and

then the new crack length was found by integrating after each cycle.

Subsequent crack lengths were found by adding the change in crack

length to tie previous crack length.

7.



Three different lives were considered for each life prediction

model: (a) from the initial crack sizes specified in Tables 2 and 7

to back surface penetration (a=t), (b) from back surface penetration

to final fracture and (a=t-C=C), (c) total life (C = C ). Thec c

instantaneous transition criterion predictions were made using the

Newman-Raju corner crack at a hole solution [9] until back surface

penetration occurred (i.e. a = t). The Grandt linearization of the " "

Bowie solution for through the thickness cracks [10] was then used,

assuming an initial back surface crack length equal to the front

surface crack length at the time of back surface penetration. In

addition to the transition criteria developed in this study, the

Brussat, Opel and Collipriest-Ehret criteria were applied according to

procedures outline in [8, 5, and 7] respectively.

6.2 Results.

6.2.1. Life Predictions Based on Corrected Stress Intensity

Factors. (Note: Experimental results were obtained by Heckel & Rudd

[25] and analytical predictions made by Opel [5] for a 7075-T651

aluminum. Experimental lives for 2024-T351 and 7075-T651 aluminum are

shown in Tables 8 and 9, respectively.)

Analytical life predictions were made for the six 2024-T351

aluminum test conditions presented in Table 2 and the seven 7075-T651

aluminum test conditions presented in Table 7 uzing the criteria

developed in this study. Each experimental life shown in these tables

represents the average of duplicate specimens. The life predictions
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based on the corrections developed in this thesis are shown in Tables

10 and 11 for 2024-T351 and 7075-T651 aluminum, respectively.

6.2.2 Life Predictions Based on Other Models.

6.2.2.1 Newman-Bowie. The Newman-Bowie (instantaneous)

method was used as presented by Engle [11] to predict the fatique life

for the specimens referenced in the previous section. The important

consideration for this model is the fact that it ignores the

transition region altogether. It assumes a through-the-thickness

crack once back surface penetration has occurred. The results are

presented in Table 12 for 2024-T351 and Table 13 for 7075-T651

aluminums.

6.2.2.2 Opel. The development of Opel's correction factors

are discussed in section 4.3. (See Opel [5] for more details). His

transition region correction factors for the base of the hole were

derived from PMNA data and based on P = 0' and 90" . The transition

correction factors for the front and back surfaces are based on

analytical and experimental stress intensity factors as a fu;nction of "

c/R and c'/R for 7075-T651 aluminum. Life predictions using these

transition region correction factors are shown for 2024-T351 aluminum

and 7075-T651 aluminum in Tables I and 14, respectively.

6.2.2.3 Brussat. The Brussat method [8] was developed for

quarter-circular cracks at holes, therefore the initial crack length

used was the average of the initial crack lengths along the base of
7.

the hole and along the front surface. The procedUre used for the

76:::
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I.

Brussat life predictions are the same as outlined in section A, except

for calculating the stress intensity factors where Brussat used the -'

tol lowing e(uation:

K = o V7Tc f f (22)
max max w tr

ihere tr = - (0.2886/(1 + 2(c/t)2]

and f is the finite width correction by equation (18).

I'he results of the Brussat predictions are shown in Table 15 for 2024-

~~ ~3iluminum and Table 16 for 7075-T651 aluminum.

6.2.2.4 Collipriest-Ehret. Collipriest and Ehret [7]

i gste(I transition criteria based on the front and back surface-

Cr Ick lengths. Similar to the method developed in this study,

Collipriest and Ehret did not use any correction until after back

surface penetration. The Newman-Bowie prediction method was used as a

basis for this life Drediction. The Newman-Raju corner crack at a

hole solution was used to calculate stress intensity factors until

back surface penetration (a = t). Then an imaginary crack length

;along the base of the hole was used of the form:

I= - (C/C

ST:here C f ront surface crack length

C = b.k surface crack length

T spe( i men thickness

.,
S8
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This crack length was used in the Newman-Raju solution for the stress

intensity factors along the front surface.

The stress intensity factors along the back surface were calculated

usinv, the Grandt-Bowie through crack solution of the form:

Kmax = O max V'- F (c/R) F f[mxgr W cec""

2 5fcec = [/(I-(I-(CB/CF) 2)'5*
cecBF

and F gr(c/R) and fw are given by equations 22 and 18.

When the back surface crack length equals the front surface crack

length, only the uncorrected Grandt-Bowie equation was used until

final fracture. (See Fig.33 for details of imaginary crack length.)

The results of the Collipriest-Ehret models are shown in Tables 17 and

18 for 2024-T351 and 7075-T651 aluminum, respectively.

6.3. Discussion of Results

The model developed in this thesis is the most accurate and

versatile. The average total lives for 2024-T351 and 7075-T651

aluminum are shown in Tables 19 and 20. All predictions, except for

Opel's and Brussat's, have been made using the parametric angle

( = 10 , 80' ) corrections. The new model shows an average

improvement of 4% over the instantaneous model. This improvement is

significant, considering that the transition region, where the new

model differs from the instantaneous model, represents only a small

portion of the specimen's total life. The new model also shows an

improvement of 3% over the Opel model. However, it should also be

pointed out that the Opel model is limited since the transition region

.- 9
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Si

correct ion factors it uses were derived speci ficaliv for specimens '

().25 inches thick, and must be rederived for other thicknesses. -g

The Brussat model seems to be more accurate than the new model,

but a closer look will reveal that this is not true. As shown in I
Table 16, the Brussat model is unconservative for three out of seven

tests. However, an examination of Table 16 reveals that the Brussat -'. --

predictions for life until back surface penetration very "

unconservative, while those for the region from back surface

penetration until final fracture are conservative. This accounts for

the good average total life predictions. Table 15 shows that the

Brussat predictions for 2024-T351 aluminum which is more ductile than

the 7075-T651 aluminum are much more accurate. Therefore, these '

results seem to indicate that caution should be exercised in the

aplication of the Brussat model to materials which are relatively

brittle. On the other hand, the model put forth in this investigation

-seems to yield conservative predictions for both relatively ductile

and brittle aluminum alloys.

The Coilipriest-Ehret model was found to be limited when applied

to thin specimens. As previously discussed, this model calculates the

stress intensity factors 'or the front surface after back surface

pltinetrati tn using an imaginarv crack length in the Newman-Raju corner-

(ra( k slI ution. Due to the !orm of the equation ulsed to calculate the

imaginarv crack length, a) relativelv large initi l back s.urfa((, crack

l ength ( the order of ().1 inch) must he ;lssumed. !:'hen this is done

1

-. ..r.
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for thin specimens, a good deal of the transition region is ignored, "

and therefore the predictions become ailmost identical to those of the •

instantaneous model Therefore, there seems lo be no advantage in

applying this model to relatively thin specimens instead of the

instan taneous model
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7.0 CONCLUSIONS AND RECOMMENDATIONS

This investigation showed that although Opel's model

yielded more accurate life predictions for a new, more duc-

tile material (2024-T351 aluminum), it was very

conservative in predicting total life. The new model 4

proposed in this work was shown to be considerably more

effective.

The new model was developed by first considering the

Hartranft and Sih suggestion to modify the Newman-Raju

solution with a parametric angle 0 =10 and 808 insteadof

0a and 90 traditionally used. This correction eliminated

the surface boundary effects and resulted in significant

improvements in the life prediction obtained from all

models that were investigated. As a result of using 0 = 10

and 80, no transition correction factors were necessary

for the bore of the hole in the life predictions from

I i
corner-crack to back surface penetration.

The Newman-Raju corner-crack and the Grandt

linearization of the Bowie through-crack solutions were

found to be accurate, but conservative in predicting the

stress intensity factors for a corner-crack emanating from

a hole as it grows until final fracture. However, neither
6

of these solutions considers the transition region where

the crack propagates neither as a corner-crack or a

through-crack. This transition region was determined to

6
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begin at back surface penetration and end when the back

surface crack length equals the front surface crack length

(i.e., c'=c). At this point the crack becomes a true

through-the-thickness-crack. Transition correction factors

based on correlations of analytical and experimental stress

intensity factors were derived as a function of c'/c.

Using transition factors based on c'/c instead of c/R, as

Opel did, eliminated the thickness-dependence of the

transition factors and as a result they are more versatile.

The life-prediction model developed in this thesis

proved to be the most accurate and versatile. It accounts

for the transition region while the Instantaneous model

does not. It uses thickness-independent transitions

correction factors while the Opel transition factors have

to be re-derived when the thickness changes. The new model

yields consistently conservative predictions, while the

Brussat model is very unconservative for predicting life

until back surface penetration and is conservative for life

predictions from back surface penetration until final frac-

ture. Finally it uses correction factors which apply over

any thickness while the Collipriest-Ehret mode] seems to

assume a relatively large initial back surface crack length

which makes it inappropriate for thin specimens.

This study has demonstrated that the proposed

corrections to the currently used stress intensity factor

solutions have resulted in better life predictions for

()4



constant amplitude loading. The life prediction model

developed in this study showed a three or four percent

improvement over the uncorrected life prediction model.

Even though this does not seem like a sizable improvement,

one must keep in mind the specimen thickness considered was

only 0.25 inches. Therefore, the transition region is a

very small part of the total life of the specimen. Further

investigation using this prediction model and thicker

specimens should be undertaken. Thicker specimens would

have a larger transition region and the new model should

result in greater improvements in the accuracy of the

predictions. Applications of this model to lugs, for

instance, may prove useful. Lugs have geometries such that

there are thick specimen depths and narrow specimen widths.

Therefore the transition region would account for a

significant part of the total life after back surface

penetration. Other follow-on topics should include the

investigation of the effect of different parametric angles,

other than =10 and 80 as well as applying the new

model to different types of material, such as steel.

Should the correction factors developed in this thesis

prove to be as effective as they seem to be, they should be

considered for incorporation into the Air Force Damage

Tolerance Design Handbook [441].

5



APPNDIX: Computer Programs Used

There were six major computer programs, written in

Fortran 77, used for this study. A short discussion of -

what each program does, followed by complete program

listings are included in this appendix. The input variables

for the life prediction programs are:

A - Initial crack length
C - Initial crack depth
R - Radius of hole
S - Maximum stress
T - Thickness of specimen
W - Width of specimen
ASTOP - Non-functional parameter
RS - Stress ratio
C1,N,FAC - Walker constants (mat'l dependant)

A. Newman-Bowie (Uncorrected)

Also known as the instantaneous model, this is the

program upon which all of the other life prediction

programs are based (except Brussat's model). It uses a

Nedman-Raju corner-crack solution for stress intensity

factors until back surface penetration. After back surface

penetration, the program uses a Grandt-Bowie through-crack

solution until final fracture.

B. Newman-Bowie (New model)

This program is similiar to the program in A. above.

From back surface penetration until a through-crack

develops (i.e., c'/c=1), the Grandt-Bowie solution is

corrected with the transition corrections developed in this

study. These factors are functions of c'/c. After

0
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c'/c:0.9, the uncorrected Grandt-Bowie solution for a

through-crack is used until final fracture.

C. Newman-Bowie (Opel's model)

This program uses a Newman-Raju solution until a/t=0.75.

At that point, Opel hole correction factors are applied to

the Newman-Raju solution. The Opel model uses 0 and 90 for

the parametic angle, After back surface penetration,

until c/R=2.5, surface correction factors are applied to

the Grandt-Bowie solution. From c/R=2.5 until final

fracture, the uncorrected Grandt-Bowie soluLion is used.

D. Newman-Bowie (Collipriest-Ehret model)

This program uses an uncorrected Newman-Raju corner-

crack solution until back surface penetration. After back

surface penetration until the end of the transition region,

an imaginary crack length (FSC) is used in the Newman-Raju

solution to calculate the front surface stress intensity

factors. A correction factor (CEC) is applied to the

0" Grandt-Bowie through-crack solution to calculate the back

surface stress intensity factors. The transition region

ends when the front and back surface crack lengths are

equal. After this point, the uncorrected Grandt-Bowie

solution is used until final fracture.

E. Brussat

This program uses an engineering approximation developed

for a quarter-circular crack-at-a-hole. It uses an initial

crack length that is the average of the actual initial test

()7
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specimen crack lengths along the bore of the hole and along

the front surface. This model uses the Newman-Raju finite

width correction. -

F. Walker/Grandt-Bowie Surface Stress Intensity

Correlations

This program calculates the experimental stress A.

intensity factors based on curve-fit data for c vs dc/dN

experimental data. It also calculates analytical stress

intensity factors using the Grandt-Bowie through-crack

sol uti on. The front and back surface crack length ratio,

c'/c, is calculated based on curve-fit data from

experimental results. -.

4.



PROGRAM TRNSUN3( INPUT, OUTPUT, TAPE 5=INPUT, TAPE6=OUTPUT)
INTEGER X,XX
REAL PI,PA,PC,K9,KA,KC,N,NC,L1 ,L2,Ml,M2,M3,A,C,R,S,T,W,

&ASTOP, RS
DO 40 I=1,6
K9= 53. 5
PRINT*, IINPUT MATERIAL AND GEOMETRY VARIABLES'
READ(5,*) A, C, R,S,T, W,ASTOP, RS

* IF(RS.GT.0) GO TO 5
Cl :4.3 1544 E-09
N= 3.211 6
FAC=0 .0
GO To 6

5 C1 = 1. 116 16E-0 9

N 3. 717 97I

6 CONTINUE
WRITE ( 6,35) A,C, R,S, T, W,ASTOP, RS

35 FORMAT(8F8.3)
PA=1 .39626
PC=:0. 17453
NC=1 .0
B: W/2.
PI=3.1416
XX: 1
X=1
WRITE( 6,13 0)

C This is the Newman-Raju corner crack solution with the
*parametric angle 10 & 80

10 F1=C/A

F2=Al/ .+C/H) 'COS( .85" (PA))))
L2=(1. /( 1. (C/R )COS( .85 ( PC)))
Q:( 1 .+1 .464#F1#01 .65)
M1:(F1**.5)0(1 .+.04*F1)

M3=(-.11*F1 0 0 4.)
G1:(1.+( .1..35 6F1 0F2 6 '2.)0(1.-SIN(PA))**2.)
G2=(1 .i( .1+.35"F1'F2*2.)'(1.-SIN(PC))*02.)
G3=((l.-.15*Ll+3.46'L1'*2.-4.47'L1'' 3.+3.52*Ll*4.)/(1.

&+.13*L1'*2.))
G4=((1.-.15*L2+3.46*L2''2.-447L2'03..3.52*L2'*4.)/(l.

&+..3"L2**2.))
G5=(1.13-.09F)(.+.1(.-COS(PA))2.)'(.8+.2F2**.25)
G6=(1 .13-.09'F1)'(1 .+.1'(1 .- COS(PC))'*2.)*( .8+.2*F2"0.25)
F3:( (F1"2. )'(SIN(PA))"02..(COS(PA) )**2. )*'.25
F4=( (Fl"'2. )'(SIN(PC) )"'2.+(COS(PC)')"'2. )"'.25
F5=( 1/(COS((PIOR)/(2.*B))))
F6=(/(COS((PI(2.*RNCC)/(4.(B-C)+2.NCC))F2'.5)))



F7:(F5*F6)'*.5
F8=(M+M2F22.+M3F24.)G'G3'G5'F3#F7

* F9=(Ml+M2*F2'02..M3*F2**4.)'G2'G4'G6*F4*F7
* Dl=(S*SQRT(PI*A/Q ) )OF8

D2=(S*SQRT( PIOA/Q1) ) F9
KA=Dl'(((4./PI+(A*C)/(2.AT'R))/(iI./PI+(A*C)/(T*R)) )*.5)

130 FORMAT(2X, 'A',5X, 'C' ,5X, 'AlT' ,3X, 'A/C' ,6X, 'KA' ,6X, 'KC' ,9
&X, 'DA' ,9X, 'DC' ,9X, 'CYCLES')

DC=(((KC)0(1-RS)'C(FAC))**N)*Cl
IF((X/(XX*500)).EQ.1.0) WRITE(6,15) A, C, F2,Z3,KA,KC,

&DA,DC,X
IF((X/(XX*500)).EQ.1.O) XX=XX+1
IF(X.EQ. 1) WRITE(6,15) A,C,F2,Z3,KA,KC,DA,DC,X
IF(KA.GE.K9) GO TO 200
IF(KC.GE.K9) GO TO 200
A= A+DA
IF (A.GT.T) GO TO 200

C This signals back surface penetration. The remainder
off the program is an uncorrected Grandt-Bowie through-
crack solution.

C=C.DC

GO TO 10
15 FORMAT (3F6.3,F7.3,2F10.2,2E11 .4,18)

200 WRITE (6,15) A, C, F2, Z3, KA, KC, DA, DC, X
*71 A=C

AA=(.676262+(.8733015/(.32I5'442+A/R)))'S'(PI*A)"*.5
* KA=AA*FWC
4 KC=KA

* IF((X/(XX*500)).EQ.1.O) WRITE(6,15) A,C,F2,Z3,KA,KC,
&DA,DC,X
IF ((X/(XX*500)).EQ.1.O) XX=XX+1
IF (X.EQ.1) WRITE (6,15) A,C,F2,Z3,KA,KC,DA,DC,X
IF(KA.GE.K9) GO To 600
IF (KC.GE.K9) GO TO 600
A= A+DA
C=C DC

X=X.1
GO TO 71

600 WRITE (6,15) A,C,F2,Z3,KA,KC,DA,DC,X
40 CONTINUE

END

100)
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PR OGRAM TR ANCO R(IN PUT, OUTPU T,TA PE5 IN PUT, TAPE6 OU TPU T)j
REAL PI,PA,PC,K9,KA,KC,N,NC,L1 ,L2,M1,M2,M3,A,C,R,S,T,W,
& AS TOP, PS
DO 40 I=1,6
K 9 =5 3 5
PRINT','INPUT MATERIAL AND GEOMETRY VARIABLES'
READ(5,O) A,C,R,S,T,W,ASTOP,RS
IF(RS.GT.O.O) GO TO 5

Cl43154IJE-09
* N=3.2116

FAC=O .0
GO TO 6

5 Cl1I.11616E-09
N=3 .71797
FAC=O .7

6 CONTINUE
WRITE (6 ,35)A, C, R, S,T, W,ASTOP, RS

35 FORMAT( 8F8.-3)
PA=1 .396 26
PC=0.171I53

0 NC=1.0
B=W/2.
PI=3 .11116
XX= 1
X=1
WRITE( 6,130)

C This is the beginning of the Newman-Raju solution,
*uncorrected, with the parametric angle 10 & 80

*10 F1=C/A
F2A/
Z3=A/C
Ll=(l./(l.+(C/R)*COS(.85*(PA))))
L2=(1 .1(1.+(C/R)'COS( .85'(PC))))

* Ql=( 1.+1 .i6'JFl*'1.65)
Ml= (F 1 . 5) '( .+ .OiIF1)

* M2=(.2*F*'I.)
M3=(-.- 11 *F 1**I.)
G=(1.+(.l+.35'F1'F2*'2.)'(1.-SIN(PA))"*2.)
G2=( .. ( .1+.35'F11 F2*'2. )'(1.-SIN(PC) )"2.)
G3=((1 .-. 15*L1.3.16L1'2.-447L1'*3..3.52'L1'*4.)/( 1.

&+.13*Ll'*2.))
* G4((.-.15L2+3.46L2I2.-I.117'L2"3.+3.52L2*04.)/(l.

&+.13'L2"02.))

G5=( 1.13-.09'F1)'(1..e.1(1.-COS(PA))**2.)'( .8+.2'F2*0.25)

F3= ((F 1 "2. ) *(SIN (PA)) '2. +(C003(PA)) "2. )". 25
F4=((Fl1"2.)*(SIN(PC))'12.+(COS(PC))"*2.)"0.25

* F5=( /(COS((PIOR)/(2.*B))))

6~



F6=(l/(COS((PI'(2.'R+NCC)/(14.*(B-C)+2.*NC'C))*F200 .5)))
F7 ( F5*F6) 005
F8=(Ml+M2F22.+m3F24.)GlG3*G5'F3*F7
F9=(Ml+M2*F2*2.+M3*F2**4.)OG2*G4G6*F4*F7
Dl=(S*SQRT(PI*A/Ql))*F8
D2=(S*SQRT(PI*A/Q ) )*F9

KC=D2*(((4t./PI+(A'C)/(2.'T*R))/('I./PI+(A 0C)/(T*R)) )**.5)
130 FORMAT(2X, 'A',5X, 'C' ,5X, 'AlT' ,3X, 'A/C' ,6X, 'KA' ,6X, 'KC' ,9

&X, 'DA' ,9X, 'DC' ,9X, 'CYCLES')
DA ( ( (KA ) *(1-RS)**0(FAC) ) *N ) Cl
IF((X/(XX'500)).EQ.1.0) WRITEC6,15) A,C,F2,Z3,KA,KC,

&DA,DC,X

IF(X.EQ. 1) WRITE(6,15) A,C,F2,Z3,KA,KC,DA,DC,X
IF(KA.GE.K9) GO TO 200
IF(KC.GE.K9) GO TO 200
A= A-.DA
IF (A. GT.T) GO TO 200

To C This signals back surface penetration and the Chansler
correction factors are applied to the Grandt-Bowie
through-crack solution until the end of the transition
region

C=C+DC
x=x+1
GO TO 10

L15 FORMAT C3F6.3,F7.3,2F10.2,2E11.4,18)
200 WRITE(6,15) A,C,F2,Z3,KA,KC,DA,DC,X

200 =RTE005) ,,2ZAKAD,

61 FWC=(COS(PIO(R.A)/4I.))**C-.5)2
AA=(.6762062+(.8733015/(.3245I442+A/R)))*S'(PI*A)"*.5
BCF1=- .6 896 ilL'A/C
BCF2=1. 23 27 5 (A/C ) "2
BCF= .609633+BCF1+BCF2
KA=AA 'FWC/BCF

* FWC=(C0S(PI*(R+C)/il.))**(-.5)
AA=( .6762062+( .8733015/( 32'1542+C/R)) ) S ( PIOC) "U'

SCF=1.24007+SCF1
KC=AA*FWC/SCF
DA: (C(KA )0(1 -RS )*(FAC) )*AN)'C 1

0 DC=((C(KC)0( 1-RS)**(FAC) )*N)'C1
IF((X/(XX'500)) .EQ.1 .0) WRITEC6,15) A,C,F2,Z3,KA,KC,

&DA,DC,X
IF ((X/(XX*500)).EQ.1.0) XX=XX+i

IF (X.EQ.1) WRITE (6,15).A,C,F2,Z3,KA,KC,DA,DC,X
IF (KC.GE. K9) GO To 6 00S

.*,. .* - * * *



C: C+DC
IF ((A/C).GE.O.9) GO TO 400

C Tis signals the end of the transition region -

The remainder of the program is an uncorrected

Grandt-Bowie through-crack solution

X=X+1
GO TO 61

400 WRITE (6,15) A,C,F2,Z3,KA,KC,DA,DC,X
71 A=C

* FWC=(COS(PI*(R4-A)/4.))*'(-.5)
AA=(.6762062(.8733015/(.3245442+A/R)))S(PIA)'.5

* KA=AA*FWC

DC=( C((KC ) 'C-RS )**(CFAC) )'N) 'Cl
IF((X/(XX*500)).EQ.1 .0) WRITE(6,15) A,C,F2,Z3,KA,KC,

&DA, DC, X
IF ((XI(XX*500)).EQ.1.0) XX=XX-.-
IF (X.EQ.1) WRITE (6,15) A,C,F2tZ3,KA,KC,DA,DC,X
IF(KA.GE.K9) GO To 600
IF (KC.GE.K9) GO TO 600
A=A+DA
C=C+DC
X=X+1

600 WRITE (6,15) A,C,,F2,Z3,KA,KC,DA,DC,X40 CONTINUE



PROGRAM TR AN S3( INPUT, OUTPUT, TAPE5= INPUT, TAPE6=OUTPUT)
IN TEG ER X, XX
REAL PI,PA,PC,K9,KA,KC,N,NC,L1 ,L2,M1,M2,M3,A,C,R,S,T,W,

& AS TOP, AS
DO 40 I= 1,6
K9=53 .5
PRINT0,'INPUT MATERIAL AND GEOMETRY VARIABLES'
READ(5, *) A, C, H,5, T, W,ASTOP, AS
IF(RS.GT.0.0) GO TO 5 _
C1 =4 .31 5144E-09q
N=3.2116
FAC=0.0
GO TO 6

C1=1.11616E-09

FAC=0 .7
6 CONTINUE

WRITE (6,35)A,C, H,5, T,W,ASTOP, AS
35 FORMAT(8F8.3)

PA=1 .5707 96
PC=0 .0
NC=1 .0

* B=W/2.
PI=3.1416
XX= 1

* X=1
WRITE (6,130)

* C This begins the Newman-Raju corner-crack solution

10 F1=C/A
F2=A/T

4 Z3=A/C
Li :( ./(1 .+(C/R)'COS( .85*(PA) )) )
L2=(1./(l.-.(C/R)OCOS(.85*(PC))))-
Q1=(1.+1.464'F1"*1.65)
M1=(F1**.5)'(1.+.04'Fl)
M2=( .2*F1'0 4.)
M3=(-.11*F1*O4.)
G1=( 1.+(.l+.35*F1'F2**2. )'( .- SIN(PA) )0*2.)

&+.13*L1*2. 1))
G4=(1.-.15'L2+3.46*L2**2.-J.47*L2*3.+3.52*L2*4.)/(1.
&+.1 30L2*02.1))
G5=(1.13-.09*F1)'(1.+..'(1.-COS(PA))''2.)0 (.8+.2*F2' r

&.25)

& . 25)
F3=((F1"*2.)0 (SIN(PA))**2.+(COS(PA))0*2.)*'.25
Fi=((F1"2.)*(SIN(PC))"*2.+(COS(PC))"*2.)"*.25

104)L
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F5=( 1/(COS((PI*R)/(2.*B))))

F7=(F5*F6)**.5
F8=(M1M2*F2*2.e.M3'F2''J.)'G1*G3*G5*F31 F7

D2=(S*SQRT(PIOA/Ql))*F9
IF (F2.LE. .75) GO TO 100

C If this conditon is met, Opel's hole bore corrections take
effect here

* TF1=1 .'68068*F2
* TF2=-1 .275787*F2**2

TCF= .57392i4+TF1+TF2
KA=D16 (((4./PI+(A*C)/(2.*T*R))/(4./PI+(A*C)/(T*R)))*".5)

&/TCF
SC1=- .362863*F2
SCF=1 .316867+SC1

&/SCF
GO TO 101

100 KA=D1*((()4./PI+(A*C)/(2.*T*R))/(4'./PI+(A0C)/(T*R)) )**.5)
* ~KC=D2*( ( (1./PI+(A*C)/(2. 'T*R))/(4 ./PI+(A'C)/(T*R)) )***5)

101 CONTINUE
130 FORMAT(2X, 'A',5X, 'C' ,5X, 'AlT' ,3X, 'A/C' ,6X,'KA' ,9X, 'KC' ,9

&X,'DA',9X,'DC',9X,'CYCLES')

DC= ( ((KC ) *(1-RS )*(FAC) ) *N) 'Cl
IF((X/(XX'500)) .EQ.,1.0) WRITE(6,15) A,C,F2,Z3,KA,KC,

&DA, DC, X
IF((Xl(XX'500)).EQ.1.O) XX=XX+i

* IF(X.EQ.1) WRITE(6,15) A,C,F2,Z3,KA,KC,DA,DC,X
IF(KA.GE.K9) GO TO 200
IF(KC.GE.K9) GO TO 200
A=A+DA
IF (A. GT.T) GO TO 200

C If this condition is met, back surface penetration has
occurred and Opel's surface corrections are applied to
the Grandt-Bowie through-crack solution

C=C+DC

AAC=(.6762062+.8733015(.2J5144+/))S(IA'.

BCF1=. 72J496 1 'AlR

BCF2= .158 51*(A R)I*



BCF=. 191601+BCF1+BCF2
V KA= AA*FWC/BCF

FWC=(COS(PI*(R+C)/14.))''(-.5)
AA=(.6762062+(.8733015/(.32451442+C/R'j))*S'(PI*C)''.5

4 SCF1=-.lo6745*C/R -
SCF2= .0 181451 ( C/H )*"2
SCF=1.279537...SCF1+SCF2
KC= AA *FWC/SCF

DA((KA )*( -RS )*(FAC) ) 'N) 'Cl
DC ( ( (KC ) '( -RS ) "CFAC) ) "N) 'Cl
IF((X/(XX'500)) .EQ.1 .0) WRITE(6,15) A,C,F2,Z3,KA,KC,

&DA, DC, X
IF ((X/(XX'500)).EQ.1.O) XX=XX+i
IF (X.EQ.1) WRITE (6,15) A,C,F2,Z3,KA,KC,DA,DC,X
IF (KC.GE.K9) GO To 600
A=A+DA

4 C=C+DC
IF ((A/R).GT.2.5) GO TO 400

C Meeting this condition signals the end of Opel's
transition region and the rest of the program
is an uncorrected Grandt-Bowie through-crack
solution

x=x+1
GO To 61

400 WRITE (6,15) A,C,F2,Z3,KA,KC,DA,DC,X
71 A=C

AA=(.6762062+(.8733015/(.32451442+A/R)))*S'(PI*A)"*.5

IF (X/(X*50)).Q.1.) WITE(6,15) A,C,F2,Z3,KA,KC,

&DA,DC,X
IF ((X/(XX'500)).EQ.1.0) XX=XX+1
IF (X.EQ.1) WRITE (6,15) A,C,F2,Z3,KA,KC,DA,DC,X
IF (KA. GE. K9) GO TO 600
IF (KC.GE.K9) GO TO 600
A=A+DA
C=C+DC
x=x+1
GO TO 71

600 WRITE (6,15) A,C,F2,Z3,KA,KC,DA,DC,X
40 CONTINUE

END

SP



PROGRAM COLEH-R2( INPUT, OUTPUT, TAPE5=INPUT, TAPE6=OUTPUT)
IN TEG ER X, XX
REAL PI,PA,PC,K9,KA,KC,N,NC,L1 ,L2,M1,M2,M3,A,C,R,S,T,W,

* &ASTOP,RS
DO 40O I=1,6
K(9=53.5

* PRINT*, I'INPUT MATERIAL AND GEOMETRY VARIABLES'
READ( 5,') A, C,H, S, T, W,ASTOP, RS
IF(RS.GT.O.O) GO TO 5
C1=4 .315411E-090
N=3 .2116
FAC=O . 0

* GO To 6
5 C1 = 1. 116 16E-0 9

N=3 .7 1797
FAC=0 .7

*6 CONTINUE
WRITE (6 ,35)A,C, R, S,T, W,ASTOP, RS

35 FORMAT( 8F8 .3)
PA=1 .39626
PC=O.- 17453
NC= 1 .0
B=W/2 .
PI=3 .1416
XX= I
x=1
WRITE(C6,130)

C This is the beginning of' the uncorrected Newman-Raju
corner-crack solution with parametric angle =10 & 80

*10 F1=C/A

F2= AlT
Z 3 =A/ C
Li =C1./Cl .+(C/R)'COS( .85*(PA) ))

M1=CF1''.5)*(1 .+.04'F1)
M2=( .2*F1"4.)
M3=C-.11'Fl1'4.)6
Gl=(1.+( .1+.35'F1'F2"*2.)'C1.-SIN(PA))''2.)
G2=(1 .+( .1+.35'F1 'F2**2. )'CT.-SIN(PC) )"2.)
G3=((l1.-.15'Ll+3.146'Ll1'2.-J4.47'Ll1"3.+3.52'L'' 1 4.)/C 1.

&+.1 3*Ll "2.))
G4=(1.-.15'L2+3.4l6*L2**2.-L.47IL2'*3.+3.52*L2**4.)/( 1.

&+. 1 3L2"02. ))
G5=(1.13-.09Fl)'(1.+.l1(1.-COS(PA))*'2.)'(.8+.2F2**

& . 25)
* G6=(1.13-.09'F1)'(1...1(1.-COS(PC))*2.)*(.8+.2*F2**

F3=((Fl1'2.)"(SIN(PA))"02.+(COS(PA))'*2.)"*.25

1I)7



F5=( 1/(COS( (PI*R)/( 2. 'B))))
F6=( 1/(COS( (PI*(2.*R+NC*C)/(iI.'(B-C)+2.'NC*C))'F2''.5)) )
F7=(F5*F6)*".5
F8=(Ml+M2*F2"02.+M3*F2**4.)'Gl1G3*G5*F3'F7
F9=(Ml+M2*F2**2.+M3F2*Jl.)IG2*GI*G6*F4*F7

D2=(S*SQRTk(PI*A/Q ) )*F9
KA=Dl*( C(4./PI+(A*C)/(2.*T*R))/(4./PI+(A'C)/(T*R)) )'*.5)

130 FORMAT(2X, 'A',5X, 'C' ,5X, 'AlT' ,3X, 'A/C' ,6X, 'KA' ,6X, '1(0',9

&X,'DA',9X,'DC',9X,'CYCLES')

DC=((C(KC)'( 1-RS)**(FAC) )*N)*C1
IF((X/(XX*500)).EQ.1.O) WRITE(6,15) A,C,F2,Z3,KA,KC,

&DA, DC, X4 IF((X/(XX*500))..EQ.1.O) XX=XX+l
IF(X.EQ.1) WRITE(6,15) A, C,F2,Z3,KA,KC,DA,DC,X
IF(KA.GE.K9) GO TO 200
IF(KC.GE.7(9) GO TO 200
A= A+DA
IF (A. GT.T) GO TO 200

C This signals back surface penetration. The Collipriest-
Ehret corrections are applied from here to the end of the
transition region. An imaginary crack length (FSC) is
used with the Newman-Raju corner-crack solution to calcu-
late the front surface stress intensity factors and a
correction factor (CEO) is applied to the Grandt-Bowie
through-crack solution to calculate the back surface
stress intensity factors.

C= C+DC
X=X+1
GO TO 10

15 FORMAT (3F6.3,F7.3,2F10.2,2E11.4,I8)
200 WRITE(6 ,15) A, C, F2, Z3, KA,KC(, DA, DC, X

K CB.020
K CF=C

71PA=0.17453
71FSC=T'((1 .0-(CB/CF)"02.0)''(-.5))

A=FSC
FWC=(COS(PI'(R+CB)/1I.))''(-.5)
AA=(.6762062,(.8733015/(.32452+CB/R)))*S'(PI*CB)"0.5
CEC=(1.0/( 1.0-Cl .0-(CB"*2.0/CF"02.O))'*.5))''.5
F1=CF/A
F2= 1.0
Z3=A/CF
Li C 1./(1 .+(CF/R)'COS( .85*(PA) ))



M2=( .2'F1"11.)

Gl=(l.+( .l+.35*F1'F2**2.)'(l.-SIN(PA))"02.)

4 &+.13*Ll*"2.))

G5=(1.13-.09'Fl)'(1 .+.l'(l.-COS(PA))**2.)'(.8+.2*F2**
&.25)
F3=((F12.)*(SIN(PA))2.+(COS(PA)Y02.)*.25
F5=( 1/(COS((PI*R)/(2.*B))))

* F7=(F5*F6)"*.5
F8=(M1+M2'F2"*2.+M3'F2"11.)'G1'G3*G5'F3'F7
Dl =(S*SQRT( PI*A/Q1) ) F8
KC=Dl1 ( ( (./PI+(A'CF)/(2.*T*R))/(11./PI+(A'CF)/(T*R)) )

&*. 5)
KA=AA'FWC*CEC
DA= ((C KA )0(1- RS )**0(FAC) )**N) 'Cl
DC=(((KC)'( 1-RS)"*(FAC) )*N)*C1
IF((X/(XX'500)) .EQ. 1.0) WRITE(6,15) A,CF,F2,Z3,KA,KC,

&DA, DC, X
IF ((X/(XX'500)).EQ.1.O) XX=XX.1
IF (X.EQ.1) WRITE (6,15) A,CF,F2,Z3,KA,KC,DA,DC,X
CB= CB.DA
CF=CF+DC
X=X+l
IF(CB.GE.CF) GO TO 4100

C When this conditon is met, the front and back surface
crack lengths are equal and this signals the end of
the transition region. The rest of the program is an
uncorrected Grandt-Bowie through-crack solution.

GO TO 71
4100 WRITE (6,15) A,CF,F2,Z3,KA,KC,DA,DC,X
75 A=CF

FWC=(COS(PIO(R.A)/I. ))*I(.5)
AA=(.6762062+(.8733015/(.3215J442+A/R)))S(PI'A)"0.5
KA= AAOFWC
KC=KA
DA= C(((KA ) * (-RS ) "( FAC) ) 'N) 'Cl

IF ((X/(XX'500)).EQ.1.0) WRITE (6,15) A,CF,F2,Z3,KA,KC,
&DA,DC,X
IF ((X/(XX'500)).EQ.1.O) XX=XX.1
IF (X.EQ.1) WRITE (6,15) A,CF,F2,Z3,KA,KC,DA,DC,X
IF (KA.GE.K9) GO TO 600
IF (KC.GE.K9) GO TO 600

A=A+DA
CF=CF.DC
x=X+1
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GO TO 75
600 WRITE (6,15) A,CF,F2,Z3,KA,KC,DA,DC,X

40O CONTINUE
END



PROGRAM BRUSS( INPUT, OUTPUT, TAPE5=INPUT, TAPE6=OUTPUT)
INTEGER X,XX
REAL PI,PA,PC,K9,KA,KC,N,NC,L1 ,L2,M1,M2,M3,A,C,R,S,T,W,

&ASTOP,RS
DO 40 1=1,6
K9=53 .5
READ (5,') A,C,R,S,T,W,ASTOP,RS
IF ( RS. GT. 0 .0) GO TO 5

* Clz11.315414E-09
N=3 .2116
FAC=0.0

* GO To 6
*5 Cl 1 .11 616E-09

N=3 .7 17 97
FAC=0.7

6 CONTINUE
WRITE (6,35) A,C,R,S,T,W,ASTOP,RS

35 FORMAT (8F8.3)
PI=3.11116
XX~ 1
X~ 1
WRITE (6,130)
A=(CC+A )/2
C= A

*10 Fl=C/A
F2= A/T
Z3=A/C
FAC1=S*(PI'A)*5
FAC2=( /COS(PI*(A+2'R)/(2'(W-A))))"*.5
FAC3=1-( .2 886/( 1+2*(CC/T) "2) )
FAC11=1.2133-2.205'(A/(A+iR))+.6451*(A/(A+R))R'2
FAC5=EXP (FAC11)
KA=FAC 1 FAC2*FAC3*FAC5
KC=KA

130 FORMAT (2X,'A',5X,'C',5X,'A/T',3X,'A/C',6X,'KA',6X,'KC',
&9X,t'DA' ,9X, 'DC' ,9X, 'CYCLES')
DA=( ((KA)'(1-RS)*"(FAC))**N)'C1
DC=(((KC)0(1-RS)OO(FAC))*"N)*C1
IF ((X/(XX*500)).EQ.1 .0) WRITE(6,15) A,C,F2,Z3,KA,KC,

* &DA,DC,X
IF ((X/(XX*500)).EQ.1.0) XX=xXX.
IF (X.EQ.1) WRITE(6,15) A,C,F2,Z3,KA,KC,DA,DC,X
IF(KA.GE.K9) GO TO 200
IF(KC.GE.K9) GO TO 200
A= A+DA
C=C+DC

GO TO 10
15 FORMAT(3F6.3,F7.3,2F10.2,2E11 .1,I8)

200 WRITE(6 ,15) A, C, F2, Z3, KA, KC, DA, DC, X
410 CONTINUE

END

HI1
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PROGRAM INT7T(INPUT, OUTPUT, TAPE5-INPUT, TAPE6=OUTPUT)
REAL PI, N, M, KE, KA, R, T1 , T2,C0,C1 ,C2,C3, C4, C5, B1, B2, MAXS
PI=3 .1416
DO 20 I=1 ,7
PRINT*, 'INPUT R, COEFS AND MAX STRESS' -

READ(5,*) R, Ti, T2,CO,CI,C2,C3, C4, C5,BI,B2,MAXS
IF (R.GT.O.0) GO TO 100
C=1.29E-08
N=2.89
FAC=O .0
GO TO 101

100 C=3.2624E-09
N=3.3908
FAC=O .5

101 CONTINUE _

D= .20
WRITE (6,32)

32 FORMAT (4X,'C',8X,'C/C',8X,'K EXPERIMENTAL',8X,
&'K ANALYT',8X,'ACCURACY')
DO 10 J=1,70
A=.01 5*J+D
T= TI A+T2 a

C This part uses fifth-order polynomial regression curve
fit data based on experimental results to calculate
the experimental stress intensity factor using a Walker
equation.

DADN= CO+C '*T+C2*T**2+C3*T**3+C4*T*"4+C5*T**5
FACTOR=DADN/C
COEF=ABS(FACTOR)*( 1/N)
KE=COEF*(I-R)**(-FAC)

33 FORMAT(2X,F5.3,5X, F7.3 ,5X,F8.3,15X,F8.3 ,12X,F6.3)

C This part calculates the analytical stress intensity
factor using the Grandt-Bowie through-crack solution

RAD= .125
FWC=(COS(PI*(RAD+A)/4. ) )**(-.5)
AA=(.6762062+(.8733015/(.3245442+A/RAD)))*MAXS'(PI* A)

&**.5
KA=AA*FWC
ACCUR=KA/KE

The next line calculates the back surface crack length -.

based on linear curve fit data using experimental results -

B Bi +B2 #A
AT=B/A

10 WRITE(6,33)A,AT,KE,KA,ACCUR
20 CONTINUE

END

112
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This study develops correction factors for currently used stress
intensity factor equations to more accurately predict stress intensity
factors for a corner-crack emanating from a hole as it transitions to
a uniform through-the-thickness crack. These correction factors
resulted in an increase in accuracy for total life prediction and much
better correlation between analytical stress intensity factor
predictions and experimental results in the transition region for
2024-T351 and 7075-T651 aluminum alloys. An experimental program was
undertaken to generate all 2024-T351 aluminum test data.used in this -

investigation. The 7075-T651 aluminum test data was generated during
earlier work. Correction factors developed by Opel for 7075-T651
aluminum were evaluated for 2024-T351 aluminum and found to be
excessively conservative.

Hartranft and Sih suggested the stress intensity factors be
evaluated at an imaginary surface at an angle I away from the front
and hole-bore surfaces. These stress intensity factors could then be
used in the life prediction models for life from a corner-crack until
back surface penetration. Evaluating stress intensity factors at 4=
lO0 and 800 eliminate surface boundary effects caused by fabrication
processes like cold rolling and hole drilling, thereby improving life
predictions to back surface penetration significantly. It is shown
that with 4 = 10 and 800 , no other corrections are necessary for life
prediction to back surface penetration.

A transition region is postulated to effect life prediction from 4

back surface penetration until final fracture. Correlations were made L
between experimental results for 2024-T351 and 7075-T651 aluminum test
data and the Grandt linearization of the Bowie solution for'a
thorough-the-thickness crack. These correlations were plotted from
back surface penetration until final fracture. The plot yields the
end of the transition region and the required correction factors. The
life prediction model incorporating these transition correction -
factors are shown to be the most accurate and versatile of all models
investigated.

Life predictions were made using the new model, an instantaneous
model (which assumes a through-crack at back surface penetration),
Opel's model, Brussat's model and the Collipriest-Ehret model.
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